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Proton and dark matter without R-parity

Outline

e Companion symmetry of SUSY
- R-parity
- TeV scale U (1)’ gauge symmetry

e R-parity violating, U (1)’-extended SUSY model
- Proton stability

- Dark matter candidate
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Supersymmetry
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General SUSY

W
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1. p-problem: pu ~ O(EW) to avoid fine-tuning in the EWSB.
2. lepton number (L) and/or baryon number (B) violating terms

at renormalizable and non-renormalizable levels: one of the most

general predictions of SUSY.
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Proton decay
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[Dim 4 L violation & Dim 4 B violation] [Dim 5 B& L violation]
AMLLE® + NLQD¢ & N'U¢D¢D¢ LQQQL+ ZUUDL”

To satisfy 7, > 10* years,

e Dim4: |Ary - Apy| < 10727 (if oneis 0, the other can be sizable)

e Dim5: |n| <1077 (for M = Mp;)
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Proton and dark matter without R-parity

Lightest superparticle (LSP) decay

5

m

@ Y
D=\ .

i 5973 A (for ] ~ photino )
f

To be a viable dark matter, Tr.5p > 14 x 10° years (Universe age).

AL IV IV < 107
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SUSY needs a companion mechanism or symmetry.
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Supersymmetry + [Z-parity
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R-parity (or matter parity)

R,|SM| = even, R,|superpartner| = odd

R-parity is defined on component fields, and matter parity is defined on

superfields. They are equivalent.

R—parlty (_1)3(B—E)+2s

R, =
Matter parity : M, = (—1)35%)

O
c
)
)
)
h

E¢ | H, | Hy

Matter parity 1 1 1 1 1 0 0

e LSP is absolutely stable (dark matter candidate).
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SUSY with R-parity

S
I

,uHqu
ypHaLE® + ypHaQD + yy H,QU*
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T 12
- L+ Z2UUDE® + - -
TQQQL + +
1. pu-problem: Not addressed.

2. over-constraining of the -parity: All renormalizable L violating and 3
violating terms are (unnecessarily) forbidden.

3. under-constraining of the [-parity: Dimension 5 L& B violating terms

still mediate too fast proton decay.

— Look for an additional or alternative explanation (symmetry).
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Supersymmetry + R-parity + U (1)’ gauge symmetry
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TeV scale U(1)" gauge symmetry

Natural scale of U (1)’ in SUSY models is TeV (linked to sfermions scale).

— provides a natural solution to the p-problem.

Two conditions to “solve the p-problem”. (z|F'|: U (1) charge of F)

e uH,H;: forbidden  z[H,]|+ z|Hy4] # 0
e hSH, H, : allowed  z[S]|+ z[H,| + z[Hy4] =0

S is a Higgs singlet that breaks the U (1)’ spontaneously.

pett = h (S) ~ O(EW/TeV)
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SUSY with R-parity and U (1)’

hSH,H,
ypHaLE® 4+ ypHaQ D + yy H,QU*

Wr, 1@y
_|_
_|_ .
+ (EQQQL + Pyeyepere 4 )
M M

1. u-problem: Resolved by replacing p with fie.
2. over-constraining of the R-parity: It forbids all renormalizable terms.

3. non-renormalizable terms: Maybe forbidden depending on charges.

— Usual set up of the U (1)’-extended MSSM (UMSSM).
In principle, the U(1) can embed the R-parity (matter parity), which is

more economic than having 2 companion symmetries.
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LSP dark matter candidates in the UMSSM (brief review)

A viable dark matter candidate should
1. be neutral, stable, cold

2. give right relic density
(Qpmh? = 0.1099 + 0.0124 from 20 WMAP)

3. avoid direct detection constraint
(0P < 10~ pb from CDMS/XENON)

Cold dark matter candidates stable under R-parity:
e neutralino (XO) LSP

e sneutrino () LSP

Yonsei University 2008
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Neutralino LSP dark matter candidate

e UMSSM : 6 X 6 matrix, in the basis of {E, Wg, flg, f],g, g, Z’}

( My 0 —g1vq/2 g1y /2 0 0
0 Mo g2vq/2 — GoUqy /2 0 0
—q1va/2  g2va/2 0 —Uet  —MefiVu/S  gz'2[Hglvg
g1Vu/2  —govy/2 — Lleff 0 —lefiVd/5 gz 2| Hylvy,
0 0 —HeftVu/S — —HeffVd/ s 0 gz1z|S]s
\ 0 0 9z z|Halva gz z|Hulow gz:2[S]s My

e MSSM : First 4 X 4 submatrix

— Easy to satisfy the relic density and direct detection constraints, since it

has MSSM components which already do.

Yonsei University 2008 Hye-Sung Lee
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Sneutrino LSP dark matter candidate

e Pure left-handed sneutrino (ry,):

vy / v, UL

v f q q
Z mediated channels for sneutrino LSP has too large direct detection

cross-section when it makes the right relic density.

o' ~ GEp2_py ~ 0.1pb > 10" "pb (CDMS/XENON)
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Proton and dark matter without R-parity

e Predominantly right-handed sneutrino (Vg):

N€: necessary for the neutrino mass (LH,N°).

VR 5 q q

7' mediated interaction can be suppressed by its mass and coupling.
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Predictions of relic density and direct detection cross-section

1025 T ] | T ] 3 10_55 — T —
L Mp=1.5My, ] § My=1.5Mz,, Oge=7/3, gz=g; ]
10t £ gpg=m/3 3 1070
i — : ; M, =500 GeV ]
g7=81 |~ S z=oVY L ev_-
o 100 F 4 B 1077 ¢ i
Fq:‘.‘ : ] & ]
& - Mg=|[500 |1000 |2000 | & o} o - My =1000 GeV ]
101 B " 21078 F -
3 P S
107° - 1079 L Mz=2000 GeV |
—3- R B | 1 R | - —1()- I R | R B
10 10
2 5 10° 2 5 103 2 10l 2 5 10° 2 5 103 2
My, (GeV) My, (GeV)

: right relic density (Q;Rh2 ~ 0.1) in the A mediation
region (M5, ~ 45 GeV) and Z' mediation region (M5, ~ Mz /2).
R R

— Sneutrino LSP is a viable thermal dark matter candidate in the
U(1)'-extended MSSM.
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Supersymmetry + U (1)’ gauge symmetry
without /2-parity

Now, we consider the [R-parity violating scenario.
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Goal

Construct a stand-alone 1, violating TeV scale SUSY model without
1. p-problem: U(1)’
2. proton decay problem

3. dark matter problem (non-LSP dark matter)

“R-parity violating U (1)" model” as an alternative to the usual “ R-parity

conserving model”.
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Proton stability among the MSSM fields
HL, Matchev, Wang [arXiv:0709.0763]
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Free parameters of the MSSM fields charges
Consider the MSSM Yukawa, effective p-term, [SU(2).]* — U(1)’

anomaly condition.

H,QU° . z|H,

H,QD® : 2[H + 2

HyLE® : z|Hg|+ z|L] 4+ z[E] =
S]
32

SHqu . Z
A2211 . 3(

with § = Ag01/|[SU(2) exotics] = 0 (assume no SU(2) [, exotics).

8 unknown U (1)’ charges (QQ, U¢, D¢, L, E¢, H,, Hy, S) - 5 conditions

= 3 free parameters.
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General solution of the MSSM fields

faa N (Y Yy ()
z2[U€] -4 -1 8
z[D€] 2 -1 —
#[L] = a 3 + B -3 +
z[E€] 6 3
z[H 4] -3 0
z[Hy] 3 0 -9

\ =5/ \ o/ \ 0/ \ 9/

1st vector o< hypercharge (y), 2nd vector x B — L.

- z[Hg)—=z[L]  2[5]
3 = 3 T g
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Conditions to have lepton number violating terms

Since we already have
yeHqLE®, ypHQQ D", hSH, Hgy
allowing the L violating terms means

ALLE®, NLQD¢, WSH,L +— z[Hy| = z[L].

Renormalizable L violating couplings (A, X', i) are either all allowed or
all forbidden by the U (1)’

Yonsei University 2008 Hye-Sung Lee
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LV-BV separation
From MSSM Yukawa and [SU (2)1]* — U(1)" anomaly,

2
2|U°DD°] — z|[LLE®] + §(Z[H“Hd]) =0
BV term LV term  original u-term
e 2|H,H,| # 0 (u-problem solution).
e Either z|U°D*°D°¢| or z| L L E*¢] should be non-zero (forbidden).

LV-BV separation: The LV terms (AL L E*¢, \' L() D) and the BV term
(\'U° D¢ D¢) cannot coexist.

Ay - Agy =0

— Proton does not decay through the MSSM dimension 4 operators.

Yonsei University 2008 Hye-Sung Lee
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Also the dimension 5 LV and BV operators (QQQ L, UU°D*°E°) are

automatically forbidden.

1QQQL] = — [ H,Hy) # 0

5
AU°UDE) = —2[Hy Hy] # 0

Proton is sufficiently (up to dimension 5 level) stable among the
MSSM fields in the R-parity violating U (1)’-extended MSSM.

Yonsei University 2008 Hye-Sung Lee
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EXxotic colors
[SU(3)¢c]? — U(1)" anomaly free condition:

3(22|Q] + z|U°] + z[D°]) 4+ Ass1/ |exotic colors| = 0

\ . v
N

= —3(2[H,| + z[H4|) # 0 (pu-problem solution)

due to the MSSM Yukawas.
— Assz1/|exotic colors| # 0

Solving the u-problem requires colored exotics. (Well-known)
For definiteness, we assume three SU (3) ¢ triplet (K;) and antitriplet
(K¥), which are SU (2), singlets.

_ c
Wexotic colors — 1)ij SKz KJ‘
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Right-handed neutrinos (/V°)
Observed neutrino mass (m, < 0.1 eV) needs an explanation.

1. Majorana neutrino: with see-saw mechanism

W = ynH,LN¢ + mN°N®

2. Dirac neutrino: natural suppression possible in U(1)" model

Yonsei University 2008 Hye-Sung Lee
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3. Lepton number violation: in the LV case

W = y/'H,L + A\LLE® + N LQD*

The BV (\"U°D¢D¢) case can have neutrino mass only through Dirac
neutrino. (It does not allow N°N°¢, LLE°, LQ)D*¢, H,L.)

Yonsei University 2008 Hye-Sung Lee
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General solution of the MSSM fields including /N ¢

We allow the (possibly high-dimensional) Dirac neutrino mass term in both
LV and BV cases.

S a
W = — | H,LN°*
YN (M)
It gives 2| H,| + z[L] + 2|[N¢| + az|S] = 0 and

fae N (1Y (1N [ 1)
2[U€] —4 -1 8
2[D€] 2 —1 1
2[L] ~3 ~3 0
2[N°] = o o | +8 3 | ++4| 9(1-a)
2[E°] 3 0
2[Hy] _3 0 0
2[Huy] 3 0 —9

\ 28] \ 0o/ \ o/ \ 9 )

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

Protecting proton from exotic particles

Proton is stable when MSSM fields are considered.

Is it still stable with exotic particles?

We will address this with the remnant discrete symmetry of the U (1)’.

Yonsei University 2008 Hye-Sung Lee
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Brief review of residual discrete symmetry of U (1)’
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Conditions to have U (1) — Zx

A Zn emerges from U (1)’ if their charges satisfy (after normalization to

integers):
o z|F5] = q|Fi] +n N
e z|S|=N

(z|F;]: U(1) charge, q[F;|: Zx charge) for each field F;.

q|S] = 0: to keep the discrete symmetry unbroken after the U (1)’

symmetry is spontaneously broken by a Higgs singlet S.

(ex) In terms of discrete symmetry, H,H; and S H,H; are not

distinguishable (their total discrete charge is same) by the Z ;.

Yonsei University 2008 Hye-Sung Lee
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Discrete symmetry compatible with MSSM sector
Most general Z of the MSSM sector 5

Zn: gy = BY LY
with family-universal cyclic symmetries (®; — 2™ ¥ &,)

9B ar,
BN _ 627Tz A 7 LN _ 627m

and total discrete charge of Zy is ¢ = bqp + ¢q;, mod V.

Q U° D¢ L E° N€ H, Hy meaning of g
By 0| —1 1| -1 2 0 1| -1 | -B+4y/3
L 0 0 0 —1 1 1 0 0 —-L

Yonsei University 2008 Hye-Sung Lee
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A discrete charge can be rewritten in terms of 5, £, and hypercharge.

q=—(bB+/4L)+ b(y/3) mod N

with a conserved quantity of — (b3 + ¢£) mod N.

(ex) Matter parity (Re = Byl b

q=—(B—-L)+ (y/3) mod 2

Yonsei University 2008 Hye-Sung Lee
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Why 2 free parameters?

8 unknown discrete charges (), U¢, D¢, L, k¢, N¢, H,,, Hy;)
- 5 superpotential terms (H,QU°, H;Q)D°, Hy;LE°, H, LN, H,H,)
- 1 hypercharge shift invariance (q[F;] — q[F;] + ay[F;] mod N)

= 2 free parameters

Yonsei University 2008 Hye-Sung Lee
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Family non-universal charges?

e Family non-universal discrete charges (q| F;]) ?

: Hard to reproduce mass and CKM matrix.

e Family non-universal U (1)’ charges (z| F;]) ?
: Possible.
It can still have family universal Z, if the condition
z[F;] = q[F;] + n; N is kept (z[ F}] is family-dependent if 72 is).

Yonsei University 2008 Hye-Sung Lee
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FCNC from family non-universal U (1)’ charges
Family non-universal charges may cause FCNC by Z' at tree level.

U (1)’ coupling matrix in mass eigenstate (d;, = Vj, d'2*):
(10 o )
Qa, = Va,QiVi =Va | 01 0o [|V]
\ 0 0 1+0 |

QdL has off-diagonal terms with phases originated from Vj, .
(And similarly for u-type quark and/or right-handed coupling.)
The usual CKM matrix is given by Voryr = Vi, VdTL.

Yonsei University 2008 Hye-Sung Lee
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Flavor changing Z’ solution to B anomalies

s @ (d)
er’l’,/ﬁs jI/JZU(d)
b ¢ ¢ 5 b - -t 3
d - - d d - > d
B — ¢Kg B — 1K

FCNC Z’ can explain the anomalies in both B — ¢Kgand B — 7K.

(B — ¢ K g discrepancy disappeared by now, but the B — 7K anomaly
still remains a puzzle.)

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

Residual discrete symmetry of the RPV U (1)’ model
. Proton stability including TeV scale exotics

Yonsei University 2008 Hye-Sung Lee
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Discrete symmetries in presence of exotics

e The discrete symmetries may be changed with additional particles.
e The MSSM discrete symmetries still hold among the MSSM fields.

For a physics process which has only MSSM fields in its effective

operators (such as proton decay), we can still discuss with Z}>°M,

1
M

) F1FyF3FyFs -]
MSSM fields only

operator[p-decay] = (

Yonsei University 2008 Hye-Sung Lee
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Naturally suppressed LV and BV couplings

Experimental upper bounds:

)\)\I 5

A”

10~
10~7

ASR/A

In the U (1)’ model, you can have the naturally suppressed £ and BB

violating couplings from high-dimensional operators.

5 ()

It does not affect discrete symmetry argument since ¢|S] = 0.

Yonsei University 2008 Hye-Sung Lee
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= — | LLE* "| —= | LQD° " — LH
b = 3(5) e % (5) sap o () s,

~ /g\™
WBV — )\II (M) UCDCDC

with Aeg = P\ (%)n etc.

Generalized LV-BV separation:
2
2|S"UDD| — z|S"LLE‘] — (§ + (m — n)) z[S] =0

(The LV-BV separation still holds independent of n and m.)

Yonsei University 2008 Hye-Sung Lee
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General U (1) charges in the LV case

Use another condition

S"LLE : nz|S|+ 2z|L] + z|E| =0

to reduce a parameter in the general U (1)’ charges.

(d@

\ =

— Itis a Z3 symmetry. (/N

s/ \

Yonsei University 2008

L)
—4
2

-3

-3
3

0/

+ B

/

\

0 )
3(14+n)+1
—3n —1

1

3(1 —a+mn)
—3n — 2
3n+1
—3(14+n)—1

3 )

= z|S] after normalization to integers)

Hye-Sung Lee
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Discrete symmetry of the LV case

e First column (o< y) isirrelevant — Take o’ = 0 and 5’ = 1.

o q|F}| = z|F;] —n;N — q|F;] = z|F;] mod 3.

[ alQl ( 0 (0
q[U“] 3(1+mn)+1 1
q[ D] —3n —1 1
q[L] 1 —1
q[N€] = 3(1 —a+mn) mod3 = — 0 mod 3
q[E°] —3n — 2 —1
q[H 4] 3n + 1 —1
q[Hy ] —3(1+4+n) -1 1
\ as] /\ 3 ) \ o )
Compare with charge table. — LV model has B3 (baryon triality).
Q U° D¢ L E°€ N€¢ H, H, meaning of q
Bs 0 —1 1 —1 —1 0 1 -1 —B 4+ y/3

Yonsei University 2008 Hye-Sung Lee
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Selection rule of B3

The discrete charge of Bj for arbitrary operator is (— + 3/3) mod 3.
AB = 3 X integer

for any process.
It dictates that baryon number can be violated by only 3 X integer
under the Bs.

e Proton decay (AB = 1): Forbidden

e Neutron-antineutron oscillation (AB = 2): Forbidden

Yonsei University 2008 Hye-Sung Lee
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Ensuring proton stability in the LV model (B3)

1. Solve the p-problem with U (1)’ gauge symmetry.

2. Require L violating terms such as N L) D¢. [Bjs is invoked]

3. Then proton is absolutely stable!

Yonsei University 2008 Hye-Sung Lee



General U (1) charges for the BV case

Proton and dark matter without R-parity

Use another condition

ST"UD D : mz|S| + z2|U¢| + 22| D] = 0

to reduce a parameter in the general U (1)’ charges.

(

\

z[Q]
z[U€]
z2[D€]

z[S]

)

/

(

\

L)
—4
2
-3

— ltis a Z3 symmetry. (N =

Yonsei University 2008

+ B

(

\

0\
3(2 4+ m)

—3(1 +m)

1
3(2—a+m)—-1
—3(1+m) -1
3(1 +m)

—3(2 4+ m)

3 )

2| S| after normalization to integers)

Hye-Sung Lee
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Discrete symmetry of the BV case

e First column (o< y) isirrelevant — Take o’ = 0 and 5’ = 1.

o q|F}| = z|F;] —n;N — q|F;] = z|F;] mod 3.

fa@ 0\ [0
q[U“] 3(2 + m) 0
q[D“] —3(1+ m) 0
q[L] 1 —1
q[N€] = 3(2—a+m)—1 mod3 = — 1 mod 3
q[E°] —3(14+m) -1 1
q[H 4] 3(14 m) 0
q[Huy] —3(2 4+ m) 0
\ ats1 / \ 3 ) \ o)

Compare with charge table. — BV model has L3 (lepton triality).

Q U° D¢ L E° N€ H, Hy, meaning of g

L3 0 0 0 —1 1 1 0 0 —L

Yonsei University 2008 Hye-Sung Lee
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Selection rule of L3

The discrete charge of L3 for arbitrary operator is —L mod 3.
AL = 3 X integer

for any process.
It dictates that L can be violated by only 3 X integer under the Ls.

e Ov(30 decay (AL = 2): Forbidden

Proton still may decay if the decay products has 3, 6, - - - leptons.
Discrete symmetry argument is not enough. — Need to consider the
U(1)" symmetry and exotic fields (model-dependent) to ensure proton

stability.

Yonsei University 2008 Hye-Sung Lee
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Flowchart to check proton stability

Congratulations, your model has a long-lived proton !

Does LLE*
exist effectively?

No

Yes

Y

You have Bj !

| exist effectively?

_ | Does U°D¢D¢ No

You have L3 !

Compare with Table VI.
Do you get an empty box?

No
Y

Yes

No

Do you have
(N¢)3or

S(Ne)??

Yes
Y

> Isz[S]=%37

Y

No

Yes

Y

Identify your
ZN symmetry !

You have Mj !

Y

ISithXZT?

Y

Y

Isit M3 X Zyp ?

Are your ¢¥ (K] =
(0,0,0)0r (2,2,2)?

No
Y

Y

Y

Y

Are you sure ?

Yes

Y

Do you have | See Table VI. ” ” v ?
N°N°N¢? [“yes| Do youget © ? Do you have a "good” Q from Z3 x Zs3 only 7
No \— No No
Y Yes \i
_ Do you have | Do vou have a7 » O f 19
~ UeDeDe ? - o you have a ”good” Q from U(1)" 7
No
Yes No
Y Y
Do you have Determine all BV/LV operators. Can you construct
— | —————— - . 1 .
No | A1Y @ term? p-decay diagrams with at most Mp," suppression ?
Yes Yes
Y Y Y

Too bad, the proton decays rapidly in your model !

Yonsei University 2008

Hye-Sung Lee



Proton and dark matter without R-parity

Congratulations, your model

Doess LLE® No Does [/¢DD* No
exxt effectively? exist effectively?

l Yes l Yes

-+—— Yon have By ! Yon have Ly !

l

Compare with Table V1.
Do you get an empty box?

l No Yes

Do yon have
(N or F{N)*?

No

| Yes

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

Ensuring proton stability in the BV model (L3)

1. Solve the u-problem with U (1)’ gauge symmetry.
2. Require B violating term N"U°¢D<D¢. [Ls is invoked]
3. Forbid N°N¢N¢and SN°N¢N°€ by the U(1) charges®.

4. Then proton is sufficiently (up to dimension 5) stable!

21t holds in our choice of colored exotics (K;, K;) which have integer hypercharges
(under normalization of y[Q] = 1).

Yonsei University 2008 Hye-Sung Lee
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Examples of anomaly-free U (1)’ charge assignments with stable proton

Free to be scaled by any normalization and shifted by hypercharge.

LV (B3) BV (L3)

| I Il \% Y | I [ IV Vv Vi
z[Q] 3 3 3 4 1 3 15 0 0 0
2[U€] 8 24 24 24 5 2 6 30 3 9 9
2[D€] —1 —3 —3 —3 | -4 || =1 | -3 | -15 0 0 0
z[L] 0 0 o| -9 || —2 | -6 | =30 1 3 3
2[E€] 0 0 9 2 6 30 | -1 —3 -3
2[N€] 0 0 9 2 6 30 | -1 —3 —3
z[H, ] -9 —27 —27 —27 -9 -3 -9 —45 -3 -9 -9
z[Hy] 0 0 0 0 0 0 0 0 0 0
z[S] 9 27 27 27 9 3 9 45 3 9
2[K1] —5 | —13 | —23 | =25 | =5 || =1 | =7 | —17 | =3 —7 —5
2[K>] —2 —4 —8 7| =5 || =1 | -4 | =20 0 ~1 1
z[K3] 1 2 1 —1 | =5 || =1 | -4 | -11 0 2 1
z[Kf] —4 —14 —4 —2 -4 —2 —2 —28 0 —2 —4
z[Kg] -7 —23 —19 —20 -4 -2 —5 —25 -3 —8 —10
z[Kg] —10 —29 —28 —26 —4 —2 —5 —34 -3 —11 —10
ylKil={3,-%, -3}
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Proton and dark matter without R-parity

Recap of the goal

Construct a stand-alone R, violating TeV scale SUSY model without
1. p-problem: U (1)’
2. proton decay problem: U(1)’

3. dark matter problem (non-LSP dark matter)

A dark matter candidate without introducing an independent symmetry?

Yonsei University 2008 Hye-Sung Lee
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LUP dark matter
(in the R-parity conserving UMSSM)
Hur, HL, Nasri [arXiv:0710.2653]

Yonsei University 2008 Hye-Sung Lee
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SM-singlet (hidden sector) fields

SM-singlet exotics (hidden sector fields): often required for anomaly

cancellations with U (1)".
o [gravity]2 — U(1)": > z[Fj] =+ 2[X] =0
¢ :U(l)l]g: Zz Z[Fz]g = .-+ Z[XP =\

We consider Majorana fields for simplicity.

§

Whidden = > SXX

These hidden sector fields (X') are neutral and massive particles.

— Potentially dark matter candidate if they are stable.

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

How to stabilize hidden sector field?

Introduce “U -parity”
Up[MSSM] = even, U,|X]| = odd

e Lightest U-parity Particle (LUP): Lightest X — stable
N—_———

either fermion (1 x) or scalar (¢ x) component

It can be invoked as a residual discrete symmetry of the U (1)’.
Zwd . ghtd — U, (U-parity)
z|Fi] = q[Fi] + 2n;

Q U¢° D¢ L E°€ N€ H, H, X meaning of g
Us 0 0 0 0 0 0 0 0 —1 —U (X number)
(Other exotics: assumed to be heavier than the lightest X .)

Yonsei University 2008 Hye-Sung Lee
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Lightest U -parity Particle (LUP)

e |t is a neutral, massive, and stable particle.
® |t can be either a fermion or a scalar.
e It is neither the RH neutrino nor RH sneutrino (H,LN¥€).

e It naturally arises when an extra U (1) gauge symmetry is present.

Yonsei University 2008 Hye-Sung Lee
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Annihilation channels for the LUP dark matter
For ¢ x (fermionic) LUP,

1. ¥vxtx — ff (Z' mediated s-channel)

2. Yxx — ff* (S mediated s-channel, Z’ mediated s-channel)
3. Yx¥x — SS, Z'Z" (S mediated s-channel, 1) x mediated ¢-ch)
4. Yxx — SZ' (Z' mediated s-channel, 1) x mediated t-channel)
5. Uxx — SS (Z' mediated s-channel, ¢ x mediated t-channel)
6. UxYx — 2'7 (¢ x mediated t-channel)

7. Uxx — S7 (S mediated s-channel, ¢ x mediated ¢-channel)

and also similarly for ¢ x (scalar) LUP.

Yonsei University 2008 Hye-Sung Lee
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Predictions of relic density and direct detection cross-section (for ¢ x)

A A A i "~ T ~ T T
102 gz= Z[S]=O3 nQ—]. nL—5 ] 10_4 | gzv=g1y Z[S]=O.8y nQ=1, nL=5 |
1400, MXo=15O Mg=800, M¢x=1400, Mx°=150
; (M =2000) 2 __ #x (G=500)
10Y & 10 [ -
(aY]
<, 8 o ¢x (Mz=1000)
:
—2 | _ — g -8 L ,=2000 -
10 éy (My=500) A7 $x_(Mz=200C )
I
[
1074 L | _ 10—10 L _
|
R PR R AR R S N PR R SR R R
200 400 600 800 1000 1200 200 400 600 800 1000 1200
M, (GeV) M, (GeV)

[Simulated with m1 crOMEGA s + newly constructed UMSSM model file]

LUP (+ LSP) can satisfy both the relic density and direct detection

constraints.

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

Multiple dark matters scenario with R-parity and U -parity

LUP was first introduced in a R-parity conserving U (1)’-extended MSSM.

e R-parity: for proton stability (at renormalizable level)
— LSP dark matter (SM charged particle: MSSM sector)

e U-parity: as a remnant of U(1)’
— LUP dark matter (SM uncharged particle: hidden sector)

For each sector, discrete symmetries came from different origins.

Yonsei University 2008 Hye-Sung Lee
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Residual discrete symmetry extended to hidden sector
: LUP dark matter in the RPV-UMSSM
HL [arXiv:0802.0506]

Yonsei University 2008 Hye-Sung Lee
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Two discrete symmetries

Z  is isomorphic (structure-preserving mapping in both directions) to
ZnN, X Zn,,if N1 and Ny are coprime (their GCD = 1) and N = N1 Ns.

ZN — ZN1 X ZN2
(ex: Z6 = /9y X Zg)

What does it mean?
e No need of two gauge origins for Z,, Zn, (if N1, N5 coprime).
U(l) = Zy,, UQ)" — Zy,
e Only one U (1) which has 7 as a residual discrete symmetry.

U(l), — AN = ZN1 X ZN2

Yonsei University 2008 Hye-Sung Lee
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Discrete symmetries over the MSSM and the hidden sectors

- tot __ rzob hid -
Consider Z " = Z3;° X Zy." (where N1 and N3 are coprime)

as the discrete symmetry from a common U (1)’ gauge symmetry.

tot . tot b / U
ZnN + gy = By Ly, XUy,
o bNo 7 ¢ N9y 1 7uN71

Yonsei University 2008 Hye-Sung Lee
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Simplest example: U (1) — Zg(= Bz x Us)

The residual discrete symmetry of the U (1)’ is therefore

tot . tot 2173
Z6 - Ys —B6U6

and its total discrete charge is given by ¢ = 2qgg + 3qy mod 6.

qlQ =0 qU¢]=-2 ¢ D=2
q|lL] = =2 q|E°|=-2 ¢q[N°|=0
qlH,) =2 q|Hg= -2 ¢qX]=-3

(Other exotic fields: assumed to be heavier than proton and the LUP
— not stable due to the discrete symmetry.)

Yonsei University 2008 Hye-Sung Lee
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A unified picture of the stabilities in the observable and hidden sectors

U(1) — 28 x Z4

MSSM sector Hidden sector
Z% (Bs) Zy (Us)
. stable proton : stable dark matter

A single U(1)’ gauge symmetry provides stabilities for proton (MSSM

sector) and dark matter (hidden sector).

Yonsei University 2008 Hye-Sung Lee
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Light gravitino problem of the GMSB

In the gauge mediated SUSY breaking (GMSB) scenario, gravitino is the

LSP.
Mg /9 ~ —<F> < | Mot ~ da <F>
3/2 MPl soft At Mmess

The gravitino relic density (assuming R-parity) is approximately given by

ms/2
1 keV'

93/2h2 ~

Dark matter relic density constrains 1mg /o ~ O(keV)

— warm dark matter, which cannot explain the matter power spectrum.

Yonsei University 2008 Hye-Sung Lee
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Cure of the light gravitino problem with LUP and R-parity violation

When the LUP is the only (or dominant) dark matter, there is no conflict

with matter power spectrum.

e lighter gravitino LSP (m3/2 < 1 keV): maybe still long-lived (small

coupling and mass) as a subdominant dark matter

e heavier gravitino LSP (mg3/2 > 1 keV ): decays through the R-parity
violating couplings

The next-to-lightest superparticle (NLSP) will decay into the SM particles
through the R-parity violating processes before BBN.

— LUP in RPV model can be an appealing solution to the light
gravitino problem of the GMSB. (Need numerical study).
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Summary

Yonsei University 2008 Hye-Sung Lee



Proton and dark matter without R-parity

R-parity conserving MSSM vs. R-parity violating UMSSM

R, U(1) — Bs x U,
RPYV signals Impossible possible
{-problem not addressed solvable (U(1)")
proton unstable w/ dim 5 op. (1?,,) | stable (53)
dark matter stable LSP ([?)) stable LUP (U,)
light é problem || not addressed solvable

Yonsei University 2008 Hye-Sung Lee
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R-parity conserving MSSM vs. R-parity violating UMSSM

R, U(1) — Bs x U,
RPYV signals Impossible possible
{-problem not addressed solvable (U(1)")
proton unstable w/ dim 5 op. (1?,,) | stable (53)
dark matter stable LSP ([?)) stable LUP (U,)
light é problem || not addressed solvable

Conclusion: TeV scale U (1)’ is an attractive alternative to Z-parity.
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